Photonic crystal (PC) structures on green light emitting diodes (LED) were successfully fabricated using nanoimprint lithography. The stamp, with a two-dimensional pillar structure, was fabricated using laser interference lithography through a double exposure technique. To achieve PC structures with a precise dimension, thermal treatment of the photoresist was employed during stamp fabrication; this proved to be effective for the control of the diameter and shape of the hole. The two-dimensional PC structures, with a period of 295 nm, diameter of 180 nm and depth of 100 nm, on the green LEDs resulted in nine-fold enhancement of the photoluminescence intensity compared to the as-deposited samples without PC structures.
Introduction
Light emitting diode (LED) devices are enjoying increasing use in various applications such as liquid crystal displays, keypads of cellular phones and general lighting [1] . The external quantum efficiency is still much lower than the internal quantum efficiency, which has already been improved to about 80%, mostly due to the low light-extraction efficiency. Improvement of the light extraction efficiency is considered to be very crucial [2] , and several methods such as substrate design [3] , a metal reflection layer [4] , an omnidirectional reflector (ODR) [5] , a textured surface [6] [7] [8] [9] and a flip-chip packaging method [10] have been proposed to enhance the light extraction of highly efficient LEDs.
To improve the extraction efficiency in LEDs, photonic crystal (PC) structures have also been investigated [11] [12] [13] [14] [15] [16] [17] [18] [19] . A PC is a periodically repeating structure comprising two materials with different dielectric constants. This PC structure can generate a photonic band gap where photons with 3 Author to whom any correspondence should be addressed. frequencies within the gap are not allowed to propagate, resulting in an enhancement in the extraction of light in the vertical direction from a LED. Electron-beam lithography (EBL) has often been used for the fabrication of PC structures. However, EBL cannot used for actual commercial production due to its low throughput and high cost. For this reason, nanoimprint lithography (NIL) could be an alternative for the fabrication of PC structures on LED substrates. Since its introduction in the mid-1990s, NIL has been developed up to the level of initial industrialization and has shown promising results for the fabrication of various optical devices with nanostructures including PCs [20] [21] [22] . In this paper we report on the fabrication of a photonic crystal LED (PCLED) using NIL and on the effect of the PC on light extraction in a green LED thus fabricated.
Experiment
We employed a NIL process for the fabrication of PCs on LED substrates. The silicon stamps were fabricated using laser interference lithography (LIL) and subsequent etching processes as shown in figure 1 . After preparing the thin films on the silicon substrate as in figure 1(a) , two-dimensional square patterns of photoresist (SPR508A, Shipley) were formed through double exposure ( figure 1(b) ) of interfering laser lights by rotating the substrate by 90
• . The photoresist pattern generated by LIL ( figure 1(c) ) was used as a mask for the etching of the Cr/SiO 2 layer on the silicon substrate. After the layer-by-layer etching process ( figure 1(d) ), the Cr mask was removed (figure 1(e)) and an anti-sticking layer was coated onto the stamps by vacuum evaporation. Figure 2 describes the process flow for the fabrication of PC structures using nanoimprint and dry etching processes. The LED substrate samples (imprint resists/Cr(10 nm thickness)/p-GaN/multi-quantum well layer/n-GaN/sapphire) was prepared (figure 2(a)). A thermal nanoimprint process was carried out (figure 2(b)) at a pressure of 50 bar at 145
• C using a nanoimprint machine from Obducat AB. The thermal imprint-resist, mrI-8020 (Microresist Technology GmbH) was used as the mask for Cr patterning. After a successful imprint process, the residual layer was removed by O 2 reactive ion etching (figure 2(c)). Then, the Cr mask and the p-GaN layer were etched in sequence by using Cl 2 /O 2 gases and Cl 2 /CH 4 /H 2 /Ar gases, respectively (figure 2(d)).
Results and discussions
We designed the PC structures using a simulator (R-soft). The PC with a photonic band gap was designed by using a simulation program based on the preconditioned conjugate gradient method [23, 24] . A photonic bandgap was created at a frequency (a/λ) and a ratio (r/a) of 0.562 and 0.25, respectively, for green light (λ = 525 nm). According to the simulation result, the p-GaN layer with a PC structure was determined to be square lattices with a period of 295 nm and a hole diameter of 180 nm for the green GaN LED. To estimate the enhancement of light extraction from the GaN LED with a PC we used the finite difference time domain (FDTD) simulation based on the genetic algorism. The increment of light extraction achieved with the above-designed structure was estimated to be 3.87 times. Figure 3 shows field-emission scanning electron microscope (FESEM) pictures of the nanoimprint stamp ( figure 3(a) ) and its resulting imprinted patterns ( figure 3(b) ) on the p-GaN in the green LED substrate. The desired period of the PC structure was easily accomplished; however, it is difficult to accurately control the diameter of the pillar patterns on the stamp due to the limitations of LIL. We achieved a photoresist pillar pattern of 110 nm diameter, which is not accurate enough for the designed value of the hole diameter (180 nm). In our experiment, the hole diameter is increased by 30 nm from the original hole diameter generated in imprint resist by NIL during the subsequent etching processes, such as residual layer removal, Cr patterning and the p-GaN etch.
We introduced the thermal treatment method to increase the pillar diameter of the stamp from 110 to 150 nm. The thermal treatment caused the resist pattern to be tapered and thus affected the patterning of the lower Cr layer, resulting in an increased diameter of the bottom layer SiO 2 pillar pattern. Thermal treatment has previously been attempted to reduce the line edge roughness of grating stamps for NIL [25] , but in this work it is used for size control of the pillar structures.
To precisely measure the variation of the photoresist height by produced thermal treatment, we performed an atomic force microscope (AFM) analysis, as described in figure 4 . Resist tapering was generated from 120
• C, and further processed to 140
• C. However, tapering did not seem to occur at 110
• C, where insufficient thermal energy is supplied for pattern tapering. The optimal thermal treatment temperature is believed to be 120
• C, where the mask height of 90 nm is sufficient for Cr mask patterning. At higher temperatures above 120
• C, the height of the photoresist mask was not sufficient for the Cr patterning. Even though we observed an increase in the pillar diameter up to 150 nm at 120
• C as shown in the FESEM image (figure 5), accurate measurement on the samples treated at a higher temperature (above 120
• C) was difficult due to the image blurring as a result of the lowered height of the photoresist. Thermal treatment also affected the control of the shape of the photoresist pattern. Without the thermal treatment, the shapes of the pillar patterns on the top layer were rectangular or elliptical due to the characteristics of the development after the double exposure during LIL ( figure 5(a) ). After 5 min of thermal treatment at 120
• C, the shape of the top layer of the pillar became circular and the pillar diameter was 150 nm, which is shown in figure 5(b) . Through the thermal treatment, we attained the required pillar diameter and circular shape of the top layer for the fabrication of the PC structures. Using the stamp with a period of 295 nm and pillar diameter of 150 nm, we attained PC structures with a period in a range from 292 to 300 nm and a hole diameter in a range from 150 to 180 nm. The increased hole diameter, from 150 to 180 nm, was a result of the subsequent etching process, as mentioned above. Figure 6(a) shows the FESEM image of the LED sample after removal of the residual layer and Cr patterning. The final PC structures on a p-GaN layer with a period in a range from 292 to 300 nm, a hole diameter in a range from 150 to180 nm and a height of 100 nm are shown in figure 6(b) . Figure 7 shows that the photoluminescence (PL) intensity is enhanced with increasing etch depth of the p-GaN layer ( figure 7(a) ). The PL intensity was increased by nine times compared to the as-deposited sample without PC structures ( figure 7(b) ). Since the etch selectivity of the Cr hard mask with a thickness of 10 nm on p-GaN was about 10, it was difficult to etch the p-GaN deeper than 100 nm. Good etch uniformity could not be achieved on a LED wafer when the thickness of the Cr mask was greater than 10 nm in this study. To confirm the PC effect, we etched a p-GaN layer without PC structures up to 100 nm thickness ( figure 7(c) ). The PL intensity was increased by four-fold compared to the as-deposited sample ( figure 7(d) ). These results indicate that the nine-fold enhancement of PL intensity was attained by the realization of PC structures, while the penetrating effect without PC structures led to a four-fold enhancement. The significant enhancement of PL intensity can be attributed to the enhancement of the spontaneous Purcell emission rate due to the band structure and nanocavities and also Bragg scattering, which is directly related to the extraction efficiency [15] .
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Conclusions
The successful embossing of a cubic array of pillars into a polymer film was accomplished by a thermal nanoimprint lithography process. To meet the requirement of the simulated PC structures, the pillar diameter was increased from 110 to 150 nm by employing a heat treatment. The heat treatment was useful for the control of size and the shape of the holes. We attained PC structures with a period of 295 nm, a hole diameter of 180 nm and an etch depth of 100 nm in p-GaN; these were matched with the simulated PC structures for a green GaN LED. In this PC structure, we achieved a ninefold increase in PL intensity compared to the as-deposited sample without the PC structures. This result shows that the nanoimprint lithography can be used to implement low-cost and high-efficiency LEDs with PCs.
